We report on the use of parametric excitation to coherently manipulate the collective spin state of an atomic vapour at room temperature. Signatures of the parametric excitation are detected in the ground-state spin evolution. These include the excitation spectrum of the atomic coherences, which contains resonances at frequencies characteristic of the parametric process. The amplitudes of the signal quadratures show amplification and attenuation, and their noise distribution is characterized by a strong asymmetry, similarly to those observed in mechanical oscillators. The parametric excitation is produced by periodic modulation of the pumping beam, exploiting a Bell-Bloom-like technique widely used in atomic magnetometry. Notably, we find that the noise-squeezing obtained by this technique enhances the signal-to-noise ratio of the measurements up to a factor of 10, and improves the performance of a Bell-Bloom magnetometer by a factor of 3.
Introduction. Parametric excitation provides an excellent tool for gaining control over signal amplitude and noise in oscillating systems. As it is a coherent process with phase-sensitive character, it can be used to generate squeezed states that are crucial for technological developments, including implementations of quantum technology. Proof-of-principle demonstrations of this effect have been achieved in a variety of different systems ranging from mechanical oscillators [1] [2] [3] [4] [5] , to optical modes [6] and ultracold atoms [7] . Parametric excitation of an oscillator is obtained by periodically modulating one of the system parameters, such as the oscillator natural frequency ω 0 or the damping rate, at frequencies which are sub-multiples of 2ω 0 [8] . The excitation occurs because of a distortion of the system orbits in the phase-space, without involving any direct perturbation of the equilibrium position of the oscillator. As a result, the dynamic response of the system at ω 0 is enhanced. It also shows a characteristic phase dependence: while the quadrature of the motion in phase with the parametric modulation is amplified, the orthogonal (out-of-phase) quadrature is attenuated. Likewise, fluctuations of the two quadratures are modified. This technique can be exploited to considerably reduce the uncertainty in the determination of the frequency of an oscillator [2] , and to achieve noise reduction below both classical (e.g. thermal or technical) [1] and standard quantum limits [7, 9 ].
Here we demonstrate parametric amplification and noise-squeezing in the collective atomic spin system realized by an ensemble of optically-pumped room temperature atoms, which is a widely exploited platform for magnetometry [10] , quantum information processing [11] , and rotation sensing [12] . We show that by using such parametric squeezing we can enhance the signal-to-noise ratio in a Bell-Bloom magnetometer by up to a factor of 10. To understand the working principle of our parametric effect, let us consider a collective atomic spin precessing around a dc magnetic field B = Bx (see Fig. 1 ) with natural (Larmor) frequency ω L = gB, where g is the gyromagnetic ratio of the atoms. This system can be mapped onto an harmonic oscillator with frequency ω 0 = ω L , where the components of the oscillating spin F y and F z take the place of position X and momentum P of a mechanical oscillator [13] . Parametric amplification and squeezing might be achieved in atomic spin systems by periodic modulation of either ω L , via modulation of the magnetic field amplitude, or the damping rate γ of the Larmor precession. In this Letter, we investigate this latter case by modulating the damping rate via the intensity modulation of the pump beam in a Bell-Bloom magnetometer [14] .
In contrast to the standard Bell-Bloom scheme, in the present work we use a relatively strong pump resonantly coupled to one of the atomic ground-states of caesium atoms, as shown in Fig. 1 . The pump term, in this case, can be written in the density matrix formalism as [15] :
, with E 0 (t) and e the amplitude and polarization versor of the laser field respectively, and d the induced atomic dipole moment. Π and Π e are the projectors on the ground and excited state (labelled with the letter e) which are connected by the pump, and L R depends on the natural linewidth of the transition. The first term in Eq. 1 accounts for depopulation of the ground-state, while the second and third refer to repopulation due to stimulated and spontaneous emission. In the dynamics of the macroscopic spin, the power broadening due to the pump beam contributes with a parametric term Γ p , while the depopulation and repopulation due to stimulated and spontaneous emission are taken into account by an additive term Γ a . The light shift induced by the pump is neglected in the condition of resonant pumping. More explicitly, we can write the evolution of the spin components of interest as:
T2 is the rate of spin coherence relaxation due to spin-exchange collisions, and the pump is applied along the z-axis. Note that Eq. 2 describes the dynamics for the atoms in the directly pumped ground-state. However, polarization and coherence generated by the pumping process in this state are also transferred to the other ground-state by spin-exchange interactions (indirect pumping), which consists of a term proportional to |F| [15] . Hence Eq. 2 is also valid for the atomic dynamics in the indirectly pumped ground-state. This simplification of the model allows us to easily extract useful information on the dynamical evolution of the atomic system. FIG. 1 . Schematics of the apparatus: a circularly polarized amplitude-modulated pump beam creates atomic coherences in the ground-states of the Cs atoms by resonant (F=3) and spin-exchange pumping (F=4). The generated collective atomic spin precesses orthogonally to the applied static magnetic field B. A linearly-polarized probe beam is used to extract information on the atomic precession via Faraday-like, non-destructive measurements.
From the equations above, it follows that in the presence of a modulated additive pump (Γ p ∼ 0) coherent oscillation at the Larmor frequency has a transient character, while coherent oscillation at the modulation frequency ω M takes over in the stationary regime [16] . In other words, the pump acts on the collective spin system like a forcing term on a damped harmonic oscillator. For a relatively strong pump (Γ p 0), while these features remain generally valid, we have already observed that the coherence spectrum becomes more complex [15] .
Experimental setup. Details of the experimental configuration are described in [17] and here we only recall the key elements. As shown in Fig. 1 , a caesium vapour is held in an anti-relaxation, paraffin coated, cross-shaped glass cell, placed within five layers of mu metal shields which eliminate ambient magnetic fields. All measurements are performed with an atomic density of 0.33 × 10 11 cm −3 , at room temperature. The pumping is done by using a circularly polarised laser beam, frequency locked to the caesium 6 2 S 1/2 F=3→ 6 2 P 3/2 F'=2 transition. The pump intensity is periodically switched on and off following a square modulation function. The signal produced by the F = 4 ground-state atomic coherences is read out by a probe beam propagating along a direction orthogonal to the pump beam, frequency locked to the 6 2 S 1/2 F = 4→ 6 2 P 3/2 F' = 5 transition, and subsequently frequency shifted by 960 MHz to the blue side. Probing the F = 4 ground-state allows to safely decouple the effects of the pump and probe beams, while still capturing features of the atomic polarization dynamics of the directly pumped state.
A pair of Helmholtz coils produces a magnetic field orthogonal to the pump and probe beams. In this configuration, the continuous Faraday-type polarization rotation measurements provide information on the component of the collective spin parallel to the probe beam S(t) = k F y (t) , where k depends on the details of the atomic transition used for probing and on the geometry of the magnetometer [18] . The probe light transmitted through the cell is analysed by a polarimeter and processed by a signal analyser or by a lock-in amplifier. This latter allows the extraction of the spin projections (s c , s s ) in a frame rotating at frequency ω L , so that S(t) = s c (t) cos(ω L t) + s s (t) sin(ω L t), which have slow fluctuations.
Excitation spectrum. Figure 2 (a) shows the excitation spectrum of the component at ω M in our configuration, which reveals the typical response of a harmonic oscillator driven by pulsed excitation. Since the amplitude of the pump beam is modulated with a square pulsed waveform, the spectrum of the optical excitation consists of a series of harmonics [16, 17] . A small feature is also visible at 2ω L which is associated with alignment produced by the pump beam for higher pump powers [19] . Up to this point, our system shows no difference with respect to a standard Bell-Bloom scheme.
To take a closer look at the dynamical response of the system, we extract the amplitude of the coherence signal oscillating at ω L from the FFT of the whole magnetooptical rotation signal. This amplitude is shown for different modulation frequencies in Fig. 2(b) . We observe that, besides the usual Bell-Bloom resonances, a series of resonant features are visible at the characteristic frequencies of parametric amplification, i.e. nω M = 2ω L . On the basis of the above observations, these correspond to an enhancement of the detected signal oscillating at ω L that is not induced by pumping synchronization with the spin free evolution. The parametric peaks are visible for pump powers above 20µW, and their amplitude progressively increases for higher values of the pump, as shown in the inset of Fig. 2(b) . We have also verified that they do not depend on the relative orientation of the probe beam and magnetic field for subtended angles between 45
• and 90
• [20] .
We find good agreement between the experimental data and numerical simulations performed by solving Eq. 2, where Γ p /Γ is kept as a free parameter, and γ, ω L , and the time-averaged Γ p are measured experimentally, see Fig. 2(b) . We observe that the amplitude of the signal at modulation frequencies 2/(2n + 1)ω L is smaller than that at sub-multiples of ω L . This is due to the parametric amplification being effective only during the initial transient of the oscillation at ω L , when the system is not in an established auto-oscillating regime. Parametric amplification and squeezing at ω M = 2ω L . First, we concentrate our analysis on the behaviour of the peak that appears in the spectrum for ω M = 2ω L . On the one hand, this allows us to address a characteristic parametric feature of the spectrum, on the other it allows us to single out the purely parametric effect as the natural frequency of the oscillation and the modulation frequency do not overlap. The amplitudes of the quadrature components (s c , s s ) in and out-of-phase with respect to the external modulation are extracted from the excitation spectrum measured 130 ms after the beginning of the pumping process, see Fig. 3(a) . The lockin amplifier used in these measurements is referenced to Figure 3(a) shows the dependence of the amplitude of the two signal quadratures on the pump power. Unlike non-parametric excitation, for which increasing the pump power below saturation leads to enhancement of overall polarization of the atomic system with the two quadratures growing by the same amount, here we observe that the in-phase and out-of-phase components grow at very different rates. In particular, the out-of-phase (in-phase) signal component is attenuated (amplified) by the parametric excitation with respect to the overall polarization growth. This can be understood by analytically solving the dynamics for the quadrature components for a simple sinusoidal modulation of the pump. One obtains s s (t) = s 0 e , where s 0 is the maximum atomic polarization amplitude, also a function of the pump power. Comparison with numerical solutions of Eq. 2 provides good agreement for pump powers up to roughly 70µW [21] . As discussed above, phase sensitive gain is a characteristic feature of a parametric amplification process [1] .
The effect of the parametric amplification on the two quadratures is also reflected in the behaviour of the relative noise components. We observe that with increasing pump powers, the noise is strongly squeezed along the attenuated quadrature and expanded along the other, see Fig. 3(b) , leading to an asymmetric noise distribution. For comparison, in Fig. 3(b) we also show the measure- (b) Noise scaling with signal amplitude. As far as the parametric effect plays a role, the in (out-of) phase quadrature scales faster (slower) than linear with respect to the signal amplitude. For larger pump powers, this effect ceases and the noise scales linearly, compatibly with the atomic-shot noise limit.
ment of the quadratures' noise for the non-parametric ω M = 4ω L . One can see that in the latter case the noise is equally distributed between the two quadratures.
Amplitude fluctuations are important as they affect the determination of the natural frequency of an oscillator in the presence of noise, and reduce the precision of magnetic field measurements. To evaluate this parameter we plot in Fig. 4(a) the signal-to-noise ratio (SNR) obtained by processing the polarization rotation signal with the lock-in amplifier as a function of the pump power for modulation frequency 2ω L . The out-of-phase component (filled dots) shows an increased SNR with respect to the in-phase component (open squares) and, most importantly, to any component in the absence of modulation of γ (gray diamonds). Notably, with respect to this latter case the SNR enhancement is of 10 dB. We further analyse the noise scaling with the signal amplitude as shown in Fig. 4(b) . At lower signal amplitudes, corresponding to pump powers smaller than 60µW, the noise of the amplified (attenuated) component scales faster (slower) than linear. A fit with a function σ = as b to the measured data yields b = 1.52(3) and b = 0.44(6) respectively. A linear scaling, consistent with projection-noise-limited measurements appears for higher signal amplitudes, consistently with the deviation from the parametric behaviour displayed in Fig. 3(a) . Enhanced Bell-Bloom magnetometer. Having analysed the main features of the parametric excitation, we now show how such excitation improves the performance of a Bell-Bloom magnetometer beyond atomic projection noise. To this end, we report in Fig. 5 the SNR measured at ω M = ω L as a function of the pump power. We observe that with a pump power of 45 µW the SNR of our magnetometer is improved by a factor of 3. We attribute the reduced enhancement with respect to the case at 2ω L to the presence of additional noise introduced by the pump which cannot be filtered out in the FFT of the signal. Nonetheless, our measurements reveal that the parametric noise-squeezing obtained in the attenuated quadrature is a very robust technique for reducing the noise and improving SNR independently of our system being limited by atomic projection-noise (for the case ω M = 2ω L ) or technical noise (for the case ω M = ω L ), as the method is fully classical and does not rely on the quantum features of the system. Currently, our system's performance for ω M = ω L at low-frequencies is affected by Johnson noise of the magnetic shields. The presented technique allows an improvement in atomic noise to roughly 15 fT/ (Hz), and, with an improved shielding, has the potential to bring the sensitivity below the 1 fT/ (Hz) level [22] . We finally note that the continuous measurement performed on the atomic system has minimal impact on the noise distribution. At the parametric resonances, we find that the degree of asymmetry in the noise distribution weakly depends on the probe beam power, and increases by roughly 10% when the power is raised from 20 to 500 µW while the noise axis orientation does not significantly change in this range.
Conclusions. In conclusion, we have investigated the transient dynamics induced by a periodic modulation of the pump beam power in a Bell-Bloom magnetometer. Signatures of parametric amplification have been detected in the coherences of the optically pumped Cs vapour. First parametric resonances are visible in the excitation spectrum, which would not appear for a simply periodically driven oscillator. Parametric amplification and attenuation is observed in the in-phase and out-ofphase quadrature components respectively, which reflects in strong asymmetry in their amplitude noise distribution. Parametric amplification and squeezing provide a robust technique to manipulate the signal and noise distribution in a magnetometer for precision measurements. We have indeed shown that the signal-to-noise ratio can be increased up to a factor of 10 when the modulation frequency hits a parametric resonance and that the performance of a Bell-Bloom magnetometer can be enhanced by a factor of 3. Moreover, the system can be eventually led into a self-oscillating regime, which might be used to increase the measurement interrogation time beyond its natural decoherence and measurement bandwidth. Finally we foresee application for noise control in combination with non-demolition continuous measurements, as already explored in mechanical systems, for "bright" squeezing generation [5] .
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